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Abstract
Two-photon microscopy is a fluorescence imaging technique which provides distinct
advantages in three-dimensional cellular and molecular imaging. The benefits of this technology
may extend beyond imaging capabilities through exploitation of the quantum processes
responsible for fluorescent events. This study utilized a two-photon microscope to investigate a
synthetic photoreactive collagen peptidomimetic, which may serve as a potential material for tissue
engineering using the techniques of two-photon photolysis and two-photon polymerization. The
combination of these techniques could potentially be used to produce a scaffold for the
vascularization of engineered three-dimensional tissues in vitro to address the current limitations
of tissue engineering. Additionally, two-photon microscopy was used to observe the effects of the
application of the neurotransmitter dopamine to the mushroom body neural structures of
Drosophila melanogaster to investigate dopamine’s connection to cognitive degeneration.
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Chapter 1: Two-Photon Microscopy
1.1

INTRODUCTION
Two-photon fluorescence is a non-linear optical process in which a fluorescent molecule

is stimulated by two photons simultaneously to emit light. This stimulation may occur in naturally
occurring fluorophores in a process called autofluorescence or through the application of
commercially available photoreactive dyes. The popularity of fluorescence microscopy arises from
the unique characteristics of the fluorescent molecules. Much can be learned from monitoring such
characteristics as the absorption, emission and lifetime in fluorescence microscopy.
1.2

HISTORY OF TWO-PHOTON MICROSCOPY
Ernst Abbe discovered in 1873, through theoretical analysis, that optical microscopic

resolution was limited by the diffraction of the illuminating light [1]. This discovery motivated
others to pursue the development of microscopes using ultraviolet light due to its short wavelength.
August Köhler developed the first ultraviolet absorption microscope in 1904 which used a
monochromatic ultraviolet objective. While observing a crystal of barium platinum cyanide,
Köhler noticed that the crystal was fluorescing in the visible spectrum indicating a longer
wavelength than the incident ultraviolet light [2]. This observation led Köhler and many other
scientists to race toward developing the first fluorescence microscope. With these rapid, competing
developments, there is an uncertainty regarding the true inventor of the first fluorescence
microscope.
Maria Göppert-Mayer first proposed multiphoton excitation processes in her doctoral
dissertation in 1931 with the prediction that an atom or molecule could absorb more than one
photon simultaneously in a single quantum event [3]. With the invention of the laser in 1960 came
the first opportunities for experimentation of her theory. Peter Franken, considered by some to be
the father of nonlinear optics, is believed to be the first to conduct research in this field when he
and his group demonstrated second harmonic generation of light within a quartz crystal in 1961
[4]. Then, in 1963, W. Kaiser and Charles Geoffrey Blythe Garrett were the first to publish results
1

of two-photon excitation (TPE) with their observation of TPE in a CaF2:Eu2+ crystal when
illuminated with red light [5]. Since then, two-photon microscopy has become a popular method
for the non-invasive study of biological materials with numerous variations upon the standard
techniques, such as Second Harmonic Generation (SHG) imaging, Frequency Resonance Energy
Transfer (FRET), and Fluorescence Cross-correlation Spectroscopy (FCS).
1.3

TWO-PHOTON ABSORPTION THEORY

Figure 1.1 – Jablonski diagrams of One-Photon and Two-Photon Excitation
In single photon absorption, the energy of the incident excitation light should be equal to
the energy gap between the fluorescent molecule’s ground state and an excited vibronic state,
ℎ𝑐
𝐸" = ∆𝐸% =
.
(1.1)
𝜆
The molecule then experiences non-radiative transition to a lower vibronic state before
decaying back to the ground state with the emission of fluorescent light. The result is a red shift
from the incident light to the emitted light.

2

Alternatively, two-photon absorption involves the use of two photons to excite a
fluorescent molecule to an excited vibronic state. This requires incident light of half the energy
gap between the ground state and an excited vibronic state,
1
ℎ𝑐
𝐸" = Δ𝐸% =
.
2
2𝜆

(1.2)

After excitation, the molecule excited using TPE will experience the same non-radiative
transition and decay as the one-photon excitation molecule. However, the result will be a blue shift
in the wavelength from the incident light to the emitted light. These interactions are depicted in
Figure (1.1).
This interaction may be modeled using the methods of perturbation theory, writing the
Hamiltonian as the sum of an unperturbed, time independent Hamiltonian 𝐻/ and the time
dependent perturbation 𝑉(𝑡)
𝐻 = 𝐻/ + 𝑉 𝑡 .

(1.3)

This perturbation energy can be expressed as
𝑉 𝑡 = −𝜇𝐸 𝑡 ,

(1.4)

where 𝜇 = −𝑒𝑟 is the dipole moment of the molecule. The field is considered a monochromatic
wave of the form
𝐸 𝑡 = 𝐸𝑒 :;<= + 𝐸 ∗ 𝑒 ;<= .

(1.5)

Assuming the energy eigenstates of the unperturbed system 𝑢@ (𝑟) are known, they must
satisfy the eigenvalue equation
𝐻/ 𝑢@ (𝑟) = 𝐸@ 𝑢@ (𝑟)

(1.6)

and the associated wave functions for the unperturbed system may be represented by,
𝜓@ 𝑟, 𝑡 = 𝑢@ 𝑟 𝑒 :;<B = ,
where 𝜔@ =

DB
ℏ

(1.7)

.

The problem remains to solve the time-dependent Schrodinger equation with the timedependent interaction potential represented by the previously described perturbation 𝑉(𝑡)
𝜕𝜓(𝑟, 𝑡)
𝑖ℏ
= 𝐻/ + 𝑉 𝑡 𝜓 𝑟, 𝑡 .
(1.8)
𝜕𝑡
3

The complete solution can be expressed as a linear combination of the eigenstates given
that they form a complete set
𝑎@ (𝑡)𝑢@ (𝑟) 𝑒 :;IB = ,

𝜓 𝑟, 𝑡 =

(1.9)

@

with time dependent probability densities 𝑎@ 𝑡 . Substituting this solution into the time-dependent
Schrodinger equation,
𝑑𝑎@
𝑖ℏ
𝑢 (𝑟)𝑒 :;<B = + 𝑖ℏ
𝑑𝑡 @
@

𝑎@ (𝑡)𝑢@ (𝑟)(−𝑖𝜔@ )𝑒 :;<B =
@

𝑎@ (𝑡)𝑢@ (𝑟)𝐸@ 𝑒 :;<B = +

=
@

𝑎@ (𝑡)𝑢@ (𝑟)𝑉𝑒 :;<B = .
@

Using the relation, 𝐸@ = ℏ𝜔@ , this expression can be simplified as
𝑑𝑎@
𝑖ℏ
𝑢 (𝑟)𝑒 :;<B = +
𝑎@ (𝑡)𝑢@ 𝐸@ (𝑟)𝑒 :;<B =
𝑑𝑡 @
@

@

𝑎@ (𝑡)𝑢@ (𝑟)𝐸@ 𝑒 :;<B = +

=
@

𝑎@ (𝑡)𝑢@ (𝑟)𝑉𝑒 :;<B = .

(1.10)

@

This can be further simplified using the orthonormality of the set of eigenstates 𝑢@ (𝑟)
∗
𝑢K
𝑟 𝑢@ 𝑟 𝑑 L 𝑟 = 𝛿K@

𝑖ℏ
@

𝑑𝑎@
𝑑𝑡

∗
𝑢K
(𝑟) 𝑢@ (𝑟)𝑑 L 𝑟 𝑒 :;<B = =

𝑎@ (𝑡)

∗
𝑢K
(𝑟)𝑉𝑢@ (𝑟)𝑑 L 𝑟 𝑒 :;<B =

@

𝑑𝑎K
1
=
𝑎@ (𝑡) 𝑉K@ 𝑒 :; <B :<N
𝑑𝑡
𝑖ℏ
@
𝑑𝑎K
1
=
𝑎@ (𝑡) 𝑉K@ 𝑒 ;<NB =
𝑑𝑡
𝑖ℏ

=

(1.11)

@

where 𝑉K@ =

∗
𝑢K
(𝑟)𝑉𝑢@ (𝑟)𝑑 L 𝑟 are the matrix elements of the interaction potential 𝑉(𝑡) and

𝜔K@ = 𝜔K − 𝜔@ .
Perturbation techniques are required to solve Eq. (1.11). Introducing the expansion
parameter 𝜆, the probability densities 𝑎K 𝑡 can be expanded in powers of 𝜆 as
𝑎K 𝑡 = 𝑎K

/

𝑡 + 𝜆𝑎K

O

𝑡 + 𝜆P 𝑎K

P

𝑡 + ⋯,

(1.12)

where the exponents represent the order of perturbation, and thus, the number of accepted photons.
From here, it is easy to see that the term 𝑎K

P

(𝑡) will be of most interest as 𝑁 = 2 corresponds

to two-photon absorption.
4

Replacing 𝑉K@ with 𝜆𝑉K@ , and substituting (1.12) into (1.11) yields
𝑑𝑎K / 𝑡
𝑑𝑎K O 𝑡
𝑑𝑎K P 𝑡
P
+𝜆
+𝜆
+⋯
𝑑𝑡
𝑑𝑡
𝑑𝑡
1
=
𝑎S / 𝑡 + 𝜆𝑎S O 𝑡 + 𝜆P 𝑎S P 𝑡 + ⋯ 𝜆𝑉KS 𝑒 ;<NT = ,
𝑖ℎ

(1.13)

S

and, in more general form, for the Nth term,
𝑑𝑎K U 𝑡
1
=
𝑑𝑡
𝑖ℎ

𝑎S

U:O

𝑡 𝑉KS 𝑒 ;<NT = .

(1.14)

S

Linear absorption is represented by the 𝑁 = 1 term as
𝑑𝑎K O 𝑡
1
=
𝑎@ / 𝑡 𝑉KS 𝑒 ;<NT = ,
𝑑𝑡
𝑖ℎ

(1.15)

@

and assuming that in the absence of an applied field, the atom is in the ground state
𝑎V

/

𝑡 = 1,

𝑎S

/

𝑡 =0

𝑓𝑜𝑟

𝑙 ≠ 𝑔,

it follows that
𝑑𝑎K O 𝑡
1
= 𝑎V
𝑑𝑡
𝑖ℎ

/

𝑡 𝑉KV 𝑒 ;<N] = =

1
𝑉 𝑒 ;<N] = .
𝑖ℎ KV

(1.16)

Now, 𝑉KV can be represented as
𝑉KV = −𝜇KV 𝐸𝑒 :;<= + 𝐸 ∗ 𝑒 ;<= ,

(1.17)

substituting into Eq. (1.16)
−𝜇KV
𝑑𝑎K O 𝑡
=
𝐸𝑒 :;<= + 𝐸 ∗ 𝑒 ;<= 𝑒 ;<N] =
𝑑𝑡
𝑖ℎ
−𝜇KV
𝑑𝑎K O 𝑡
=
𝐸𝑒 ;(<N] :<)= + 𝐸 ∗ 𝑒 ;(<N] ^<)= ,
𝑑𝑡
𝑖ℎ
and integrating,
𝑎K
𝑎K

O

𝑡 =

O

𝑡 =

𝜇KV 𝐸

−𝜇KV
𝑖ℎ

ℏ 𝜔KV − 𝜔

𝑒;

=

𝐸𝑒 ;(<N] :<)= + 𝐸 ∗ 𝑒 ;(<N] ^<)= 𝑑𝑡.

/
<N] :< =

−1 +

𝜇KV 𝐸 ∗
ℏ 𝜔KV + 𝜔

𝑒;

<N] ^< =

−1 .

(1.18)

This is representative of a one-photon absorption process and can be estimated, restricting
the driving frequency 𝜔 to be very close to the transition frequency 𝜔KV , as
𝜇KV 𝐸
𝑎K O 𝑡 ≅
𝑒 ; <N] :< = − 1 .
ℏ 𝜔KV − 𝜔

5

(1.19)

Two-photon absorption may be represented by the 𝑁 = 2 term, for which may now be
found using its recursive relationship to 𝑎@ (O)
𝑑𝑎@ P 𝑡
1
=
𝑑𝑡
𝑖ℎ

𝑎K

O

𝑡 𝑉@K 𝑒 ;<BN = .

(1.20)

K

Substituting both Eqs. (1.19) and (1.17) into Eq. (1.20),
𝜇KV 𝜇@K 𝐸
𝑑𝑎@ P 𝑡
−1
=
𝑒 ; <N] :< = − 1 𝐸𝑒 :;<= + 𝐸 ∗ 𝑒 ;<= 𝑒 ;<BN = ,
𝑑𝑡
𝑖ℎ
ℏ 𝜔KV − 𝜔

(1.21)

K

again, if we are to limit the driving frequency to be very close to the transition frequency, we may
omit the 𝐸 ∗ term,
𝑑𝑎@ P 𝑡
−1
=
𝑑𝑡
𝑖ℎ
P

𝜇KV 𝜇@K 𝐸

𝑑𝑎@
𝑡
−𝐸
= P
𝑑𝑡
𝑖ℎ
P

ℏ 𝜔KV − 𝜔

K

P

𝜇KV 𝜇@K

𝑑𝑎@
𝑡
−𝐸
= P
𝑑𝑡
𝑖ℎ

𝑒;

𝜔KV − 𝜔

K
P

𝜇KV 𝜇@K
K

𝑒;

𝜔KV − 𝜔

<N] :< =

− 1 𝐸𝑒 ;(<BN :<)=

<N] ^<BN :P< =

𝑒;

<B] :P< =

− 𝑒 ;(<BN :<)=

− 𝑒 ;(<BN :<)= .

(1.22)

Only the first term in square brackets corresponds to two-photon absorption, so the second
term may also be omitted,
𝑑𝑎@ P 𝑡
−𝐸 P
= P
𝑑𝑡
𝑖ℎ
and by integrating,
𝑎@
𝑎@

P

𝑡 =−

P

𝐸P
𝑖ℏP

𝐸
ℏP

K

=

𝜔KV − 𝜔

K

𝜇KV 𝜇@K
K

𝑒;

𝜔KV − 𝜔
𝜇KV 𝜇@K

P

𝑡 =

𝜇KV 𝜇@K

<B] :P< =

.

𝑒 ;(<B] :P<)= 𝑑𝑡

/

𝑒 ; <B] :P< =

𝜔KV − 𝜔

−1

(1.23)

𝜔@V − 2𝜔

The probability 𝑝@ (P) that the atom is in state 𝑛 at time 𝑡, and thus the probability of twophoton absorption, is the square of the probability amplitude,
𝑝@

P

(𝑡) = 𝑎@

(P) P

𝐸P
= P
ℏ

𝜇KV 𝜇@K
K

𝜔KV − 𝜔

P

𝑒;

<B] :P< =

−1

𝜔@V − 2𝜔

P

(1.24)

.

The second bracket may be simplified using Euler’s formula,
𝑒;

<B] :P< =

−1

P

= cos 𝜔@V − 2𝜔 𝑡 + 𝑖 sin 𝜔@V − 2𝜔 𝑡 − 1

6

P

= cos 𝜔@V − 2𝜔 𝑡 + 𝑖 sin 𝜔@V − 2𝜔 𝑡 − 1 cos 𝜔@V − 2𝜔 𝑡 − 𝑖 sin 𝜔@V − 2𝜔 𝑡 − 1
P

= cos 𝜔@V − 2𝜔 𝑡 − 1

+ sinP 𝜔@V − 2𝜔 𝑡

= 1 + cos P 𝜔@V − 2𝜔 𝑡 + sinP 𝜔@V − 2𝜔 𝑡 −2cos 𝜔@V − 2𝜔 𝑡
= 2 − 2cos 𝜔@V − 2𝜔 𝑡 = 2 1 − cos 𝜔@V − 2𝜔 𝑡
P
𝜔@V − 2𝜔 𝑡
𝑒 ; <B] :P< = − 1 = 4 sinP
,
2

(1.25)

which may then be substituted back into Eq. (1.24),
𝑝@

P

𝐸P
(𝑡) = P
ℏ

𝜇KV 𝜇@K
K

P

𝜔@V − 2𝜔 𝑡
2
.
P
𝜔@V − 2𝜔

4 sinP

𝜔KV − 𝜔

(1.26)

It is useful to analyze the time dependent term separately by rewriting
𝑝@

P

𝐸P
𝑡 = P
ℏ

𝜇KV 𝜇@K
K

𝜔KV − 𝜔

P

𝜌 𝜔@V , 𝜔, 𝑡 ,

(1.27)

where
𝜌 𝜔@V , 𝜔, 𝑡 =

𝜔@V − 2𝜔 𝑡
2
,
P
𝜔@V − 2𝜔

4 sinP

(1.28)

which is plotted in Figure (1.2). Considering this interaction will be occurring with driving
frequencies very close to the transition frequency (𝜔@V ≈ 2𝜔), this function 𝜌 𝜔@V , 𝜔, 𝑡 may be
estimated about zero.

7

Figure 1.2 – Probability density distribution of Eq. (1.28)
The peak occurs when 𝜔@V − 2𝜔 = 0, and the value of 𝜌(𝜔@V , 𝜔, 𝑡) can be found by taking
the limit and using L’Hopital’s Rule,
lim 𝜌(𝜔@V , 𝜔, 𝑡) =

P<→<B]

lim

𝜔@V − 2𝜔 𝑡
2
= 𝑡P.
P
𝜔@V − 2𝜔

4 sinP

P<→<B]

Because 𝜌(𝜔@V , 𝜔, 𝑡) is a time-dependent probability density, the area under the curve must
be constant. This area may be approximated by
1 4𝜋 P
𝐴=
𝑡 = 2𝜋𝑡.
2 𝑡
The width of this peak shrinks as time increases, so at large 𝑡, this function may be approximated
by the dirac delta function
𝜌 𝜔@V , 𝜔, 𝑡 = 2𝜋𝑡𝛿 𝜔@V − 2𝜔 ,
which, when substituted into Eq. (1.27), gives
𝑝@

P

𝐸P
(𝑡) = P
ℏ

𝜇KV 𝜇@K
K

𝜔KV − 𝜔

P

2𝜋𝑡𝛿 𝜔@V − 2𝜔 .

The time-averaged energy density of a monochromatic propagating wave is
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(1.29)

(1.30)

𝑛P 𝜀/
𝑈 =
𝐸 P,
2

(1.31)

and, to find the local intensity, this expression is multiplied by the wave velocity 𝑐 𝑛,
𝑐𝑛𝜀/
𝐼=
𝐸 P.
2

(1.32)

So, Eq. (1.30) may be further simplified to,
𝑝@

P

(𝑡) = 𝜎@V 𝜔 𝐼 P 𝑡

where
𝜎@V

4
𝜔 =
𝑐𝑛𝜀/

P

1
ℏP

𝜇KV 𝜇@K
𝜔KV − 𝜔

K

(1.33)

P

2𝜋𝛿 𝜔@V − 2𝜔

(1.34)

is defined as the two-photon cross section.
It is important here to note that,
𝑝@

1.4

P

∝ 𝐼P .

(1.35)

ADVANTAGES OF TWO-PHOTON MICROSCOPY

Figure 1.3 – Focal regions for One-Photon (left) and Two-Photon (right) microscopy [6]
Many of the major advantages of two-photon microscopy (TPM) are consequences of the
localization of the excitation focal volume as depicted in Figure (1.3). This confinement may be
explained using the intensity in the focal region of an aberration-free lens, from [7],
O

𝐼 𝑢, 𝑣 = 2
/

𝐽/ 𝑣𝜌 𝑒
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;vwx

P

P 𝜌𝑑𝜌

,

(1.36)

where 𝐽/ is the zeroth order Bessel function, 𝜌 is a radial coordinate, 𝑢 =
axial coordinate, 𝑣 =

Pz~
|

yz{
|

}

sinP is a normalized
P

sin 𝛼 is a normalized radial coordinate, and 𝛼 is the half-angle of the

maximum cone of light from the lens.
The fluorescence intensity of a TPM, like the probability of TPE, is proportional to
𝐼P

v €

,

P P

. So, the image intensity may be given by
𝐼P•

𝑣 ‚
2𝐽O ( )
2 ,
𝑣 =
𝑣
2

(1.37)

which is plotted below in Figure (1.4).

Figure 1.4 – Spatial profile of excitation intensity
The notable relationship here is the inverse proportionality to the fourth power of the spatial
coordinate, demonstrating the rapid decay of the light intensity in the regions outside the primary
laser focus. Therefore, areas outside the primary focus experience nearly zero effect from the laser.
This is beneficial as it minimizes potential damage caused by laser excitation in the areas
outside the region of interest. It also provides an optical sectioning effect without the use of a
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pinhole as a spatial filter as is required for one-photon microscopy [8]. This provides improved
resolution along the axis of beam propagation as it eliminates the possibility of fluorescent signals
originating from out of focus depths within the sample.
Another advantage of TPM is the improved penetration depth providing greater ability to
image thick samples. Because the required photon energy is smaller for two-photon processes
relative to the conventional one-photon processes, TPM requires the use of longer wavelengths for
the excitation light. As light scattering depends on 𝜆:‚ , TPM allows photons to reach deeper within
the samples with relatively low loss of laser intensity.
1.5

TWO-PHOTON SCANNING FLUORESCENCE MICROSCOPE

Figure 1.5 – Schematic of Two-Photon Fluorescence Scanning Microscope developed at UTEP
1.5.1 Light Source
The two-photon microscope developed in our lab utilizes a femtosecond pulsing titaniumsapphire (Ti:Sapphire) laser source. To create these pulses, the laser uses a process called mode
locking. This technique was first proposed by William Lamb in 1964 and requires the use of either
an optical modulator or a saturable absorber to form an ultrashort pulse which reverberates within
11

the laser resonator cavity[9]. This creates a pulse train with a frequency of 80 MHz and a pulse
width of approximately 100 fs for our laser. The use of a pulsing light source is important in twophoton microscopy to limit exposure of the sample, reducing the damage caused by thermal effects
through reducing the average power delivered.
A broad spectrum from the visible to infrared range is available with the emitted
wavelength being tunable from 690 nm to 1040 nm in increments of 1 nm. Considering TPE uses
excitation wavelengths twice those of single photon excitation, the majority of commonly used
fluorophores will require wavelengths between 700 nm and 1400 for TPE. Thus, our spectrum
encompasses numerous commonly used natural occurring fluorophores along with many
fluorescent dyes. The power of the emitted light varies accordingly with the wavelength with
average output ranging from 0.5 W to over 2.5 W and peak powers over 300 kW.
1.5.2 Waveplate and Polarizer
The light emitted from our light source has a linear polarization in the horizontal direction.
Our light then passes through a half waveplate which allows us to shift the polarization direction
by rotating the fast and slow axes of the waveplate with a rotary mounting. Waveplates are
characterized by the relative phase Γ between its polarizing components. For a half waveplate, the
wavelength, thickness, and birefringence are chosen to produce a phase difference of Γ = π. A
rotation of 𝜃 between the polarization vector and the fast axis of the waveplate will produce a
rotation of the polarization vector by 2𝜃.
After traversing across the half waveplate, the light encounters a polarizing beam splitter,
which uses birefringent material to split the beam by altering the polarization. All light of a certain
polarization is then transmitted through the material while the rest is reflected perpendicular to the
initial propagation direction.
Malus’s Law gives the intensity of light transmitted through a perfect polarizer,
𝐼 = 𝐼/ cos P 𝜑,
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(1.38)

where 𝜑 is the angle between the polarization vector and the axis of the polarizer. We use this
property to adjust and control the average power of our beam. By rotating the half waveplate, we
may control the polarization of the light incident on the polarizer, thereby controlling 𝜑 and the
intensity of the transmitted light. A schematic of this orientation is shown in Figure (1.6).

Figure 1.6 – Diagram of Intensity Control Mechanism
1.5.3 Scanning Platform
The images produced by our microscope are formed by our scanning mechanism which
uses a raster scanning method and is composed of a mounted galvanometer mirror and a spinning
polygonal mirror. The galvanometer is responsible for scanning the vertical (y) axis and the
polygonal mirror is responsible for scanning the horizontal (x) axis of each image. In combination
with a laser diode, these mechanisms are synchronized to allow for unique scanning rates in image
production.
The polygonal mirror is comprised of a disc of 36 equally distributed facets spinning at a
constant rate of 480 revolutions per second. Each facet produces one horizontal line in the image,
providing a fixed line scanning rate of 17280 Hz. The galvanometer mirror, however, has a variable
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scanning rate with three available frequencies: 30, 60, or 120 Hz. These scanning rates for the
galvanometer mirror are responsible for establishing the frame rate capability of the microscope.
With the polygonal mirror fixed, this leads to a unique number of lines per image for each of the
above frame rates, and can be found simply, using
17280 𝐻𝑧
𝑁S =
,
𝑓V

(1.39)

where 𝑓V = 30 𝐻𝑧, 60 𝐻𝑧, 120 𝐻𝑧 is the galvanometer frequency. We commonly use the frame
rate of 30 Hz which provides 576 lines per image.
Galvanometers are driven by electronic signals and behave as an actuator in response to
the electric current. In our case, the galvanometer mirror is driven by a bicell photodiode which
counts the number of lines produced by the polygonal mirror. It does this using a 650 nm laser
diode which reflects off the rotating polygonal mirror and scans across the bicell photodiode,
creating the electronic signal to synchronize the two devices.
1.5.4 Objective Lens
Our objective lens serves two purposes within our setup as it is responsible for both
focusing the excitation light into the sample and collecting the emitted light. An important aspect
of the objective lens is the numerical aperture (NA), or the dimensionless measurement of
acceptable angles, as it influences several capabilities of the microscope. It is defined as,
𝑁𝐴 = 𝑛 sin 𝛼,

(1.40)

where 𝑛 is the index of refraction of the immersion liquid and 𝛼 is the half-angle of the maximum
cone of light the objective lens may transmit or accept. Two important parameters this value
determines are the microscope’s working distance and lateral resolution.
The working distance is the separation between the objective lens and the glass coverslip
when the sample is in sharp focus. This parameter varies directly with cot 𝛼, therefore lenses with
larger NA will have a shorter working distance.
Lateral resolution measures a microscope’s ability to distinguish objects in an image, where
the minimum distance of distinguishable objects is given by Abbe’s equation,
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𝑅 = 0.6

𝜆
,
𝑁𝐴

(1.41)

where 𝜆 is the wavelength of the illuminating light. This minimum distance is inversely
proportional to NA, therefore the lateral resolution improves with higher NA.
The requirements of an experiment will therefore dictate the ideal specifications of the
microscope objective. For improved resolution, an objective with higher NA should be used,
however, for deeper penetration and imaging, a lower NA is required. There are two objective
lenses we may use in our lab, each water immersive with 60x magnification, but differing in NA,
1.0 and 1.2. For an excitation wavelength of 850 nm, as is used in chapter 3 for imaging cyclic
adenosine monophosphate production within a fly brain, the objective with NA = 1.0 will provide
a lateral resolution of 0.51 µm. For the same excitation wavelength with the NA = 1.2 objective,
the lateral resolution is improved to 0.425 µm.
1.5.5 Dichroic Mirrors and Filters
Once the emitted light has passed through the objective lens, it is filtered through a series
of dichroic mirrors and bandpass filters to direct light of the desired wavelengths to their
corresponding sensors. Dichroic mirrors are used to separate the fluorescent light by reflecting
only certain wavelengths while transmitting the remaining light. Bandpass filters work to narrow
the frequency spectrum of transmitted light while attenuating light with frequencies outside the
passband.
Our microscope utilizes three dichroic mirrors. The first transmits light with wavelength
above 660 nm, while reflecting all other wavelengths, allowing the excitation beam to pass through
to reach the sample, then reflecting the light emitted from the sample toward the detectors. The
next dichroic mirror transmits all light of wavelength above 495 nm, while reflecting the
wavelengths below that value toward the detectors for the blue channel. The third and final dichroic
mirror transmits the light of wavelength above 580 nm toward the red channel detector, while
reflecting the remaining light to the green channel detector.
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Lastly, before the fluorescent light is collected, it passes through one of the three pairs of
bandpass filters. Bandpass filters only transmit a small range of frequencies, while attenuating the
rest. These filters are used to further narrow the spectrum of light collected by each detector,
ensuring only fluorescence in the red, green, and blue portions of the visible spectrum are being
collected. We use two filters before each detector to tightly filter the light about 446 nm for blue,
522 nm for green, and 624 nm for red.
1.5.6 Photomultiplier Tubes (PMT)
After passing through the objective lens and being filtered by the dichroic mirrors and
bandpass filters, the fluorescent light is then collected with the use of three photomultiplier tubes,
with red, green, and blue light each being collected separately with a unique PMT. Each PMT
possesses a highly photosensitive surface which is used to convert the detection of incident photons
into an electronic signal by generating electronic charges which are sensed and amplified. The
principle that provides the photodetection ability of PMTs is the external photoelectric effect which
provides superior performance in response speed and sensitivity relative to alternative
photodetection methods such as internal photoelectric effect and thermal sensing.
As photons strike the PMT photocathode, electrons within the photocathode are excited
and thus emitted into the vacuum of the PMT. The electrons are then focused using an electrode
toward the dynodes. The dynodes behave as electron multipliers to amplify the signal via
secondary electron emission. Finally, the emitted electrons are collected by an anode which outputs
an electron current to an external circuit.
The low current, high impedance signal output from each PMT is converted to a low
impedance voltage output with a conversion factor of 0.3V/µA using a high voltage power supply
socket assembly with transimpedance amplifier. The socket assembly is used to stabilize the PMT
operation with improved output linearity. In addition to the high voltage power supply, the socket
assembly contains a variable power supply ranging from 0 V to 3.6 V. The sensitivity of our PMTs
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is controlled by adjusting the variable power supply and consequentially the gain of the
amplification circuit.
1.5.7 Three-Dimensional Stage
Our samples are mounted on a dynamic stage, capable of moving one inch in each of three
perpendicular directions with both fine and coarse tuning options. The fine tuning setting allows
for movements of 0.2µm per step, while the coarse tuning setting allows for movement of 1µm
per step. One consequence of the movement of this stage is the ability to scan along the axial
direction. This provides a three dimensional scanning capability as several images may be
collected at different locations along the axial direction to produce an image stack. These stacks
may then be used to produce a three-dimensional rendering of the sample using the software
imageJ. Generally our images will be collected with a separation of 1 µm between focal planes to
produce a stack.
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Chapter 2: Two-Photon Photolysis of a Synthetic Collagen Mimicking Peptide
for Use in Tissue Engineering
2.1 INTRODUCTION
Tissue engineering is driven by the critically limited availability of organs suitable for
transplantation and aims at developing functional substitutes to restore, maintain, or improve tissue
function [10]. A critical limitation in these developments is the inability to produce methods for
vascularization within three dimensional structures of these engineered materials. This lack of
formation of perfusable blood vessels prohibits nutrients from being delivered to the tissue,
resulting in an unsuitable environment for cells to proliferate and differentiate [11]. Many groups
have proposed in vitro fabrication of functional vascularized three-dimensional tissues may ensure
cells survival. Due to the small excitation focal volume, two-photon excitation may be used to
construct three dimensional micro-channels by inducing photolysis of collagen mimicking
peptides (CMPs) with built-in photocleavable nitroindoline linkers.
2.2

COLLAGEN PEPTIDOMIMETIC
Collagen is the most abundant protein in mammals, representing approximately 25% of all

protein content with more than 28 different types identified [12,13,14]. Although their functions
are diverse, collagens are generally responsible for providing the structural framework as tissue
develops. The strength of these tissues arises from the fibrous nature of many collagens and the
unique conformation into a triple helix. This helical structure is possible primarily through the high
glycine content and amino acid residues and is formed primarily through hydrogen bonds between
CO and NH groups [15]. This allows the fibers to form a strong rope-like structure that maintains
elasticity in certain arrangements [16].
Because of these significant roles of collagen within tissue development, collagen
mimicking peptides (CMPs) are a commonly used material in tissue engineering. CMPs are used
to study the molecular structure [17] and stability [13] of collagen, with aims at engineering selfassembly into higher order structures [18]. Among the benefits of CMPs is the reversibility of
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thermal denaturation. Although collagen will only regain a fraction of its initial triple-helical
structure after denaturing, CMPs may regain 100% upon cooling due to its smaller size [19].
Natural collagens are structurally diverse, however, most include the amino acid glycine
(Gly) at every third residue, along with an abundance of proline (Pro) and hydroxyproline (Hyp)
[20]. Therefore, these three amino acids form the basis of the synthetic CMP of this study with
alternating repeating units of Pro-Pro-Gly and Hyp-Pro-Gly as seen in Figure (2.5). This type of
CMPs have been widely studied and used by others for the purpose of tissue engineering
[21,22,23].
2.3

PHOTOCLEAVABLE NITROINDOLINE LINKERS
Research in photolabile protecting groups has been ongoing for decades, with initial work

limited to synthetic organic chemistry. With respect to biological applications, a major
breakthrough in this subject came in 1978, when Kaplan et al. first applied these groups to address
biological concerns by the rapid photolytic release of caged ATP and studied the effects caused on
Na,K-ATPase [24]. Since then, these photoreactive groups have been used as protecting groups
for release and activation of biomolecules, such as amino acids or carboxylic acids [25,26]. Such
photoreactive groups include nitroveratryl oxycarbonyl (NVOC), nitrobenzyl, nitroindoline, and
their derivatives, amongst others.
The compound bearing a photoreactive protecting group is generally stable under normal
conditions and unreactive under ambient light. However, under the irradiation of ultraviolet light,
the amide bond of N-acyl-7-nitroindolines will experience hydrolysis in the presence of water, or
acloholysis/aminolysis in the presence of alcohols/amines [27]. Depending on the reaction
conditions, cleavage can occur either through a nucleophilic acyl substitution using water as a
nucleophile, or through a photoredox reaction. In both cases a free carboxylic acid is produced.
These light-triggered reactions may also occur through TPE with excitation wavelengths near the
infrared range.
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Relative to nitrobenzyl, photocleavage of nitroindolines has a much shorter history.
Research in nitrobenzyl photochemistry began in 1901 with Caimician and Silber observing
photochemical isomerization of 2-nitrobenzaldehyde [26]. It was three-quarters of a century later
when Patchornik photolyzed 1-acyl-5-bromo-7nitroindolines in the presence of small amounts of
water, alcohols, or amines [28]. Figure (2.1) shows the reaction of photolysis of a nitroindoline
group in the presence of inert solvents and small amounts of water (~3%).

Figure 2.1 – Photocleavage of nitroindoline in CH2Cl2-dioxane-H2O (5:10:0.5). An example for
R is the phenyl group; X=Br or NO2 [28].
Under certain reaction conditions, N-acylated 5-bromo-7-nitroindoline (Bni) undergoes
photolysis under ultraviolet light producing the free carboxylic acid and 5-bromo-7-nitroindoline
as the major products [29].
2.4

FORMATION OF MICRO-CHANNELS
As mentioned, the primary function of these nitroindolines and other light-sensitive amides

in research is to act as a protecting group for biomolecules [26]. One example of a method
researchers have developed to exploit these photoreactive moieties is for use as a delivery system
for rapid release (“uncaging”) of neuroactive amino acids onto neuronal specimens [30]. In each
of these applications, the purpose of inducing photolysis is the release of desired active
compounds. However, we propose to exploit the N-acyl-nitroindolines’ photoreactive properties
for a new and unique purpose. We may use the intentional degradation of the amide bonds of Nacyl-7-nitroindoline bonds via TPE photocleavage as a means to alter the molecular composition
of material within designated spots. In this method, the compounds of interest are those to which
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the nitroindolines remain attached, and the fragments released upon photocleavage are of little
importance.
Due to its high solubility in water, a photoreactive 34-mer peptide, shown in Figure 2.5,
may be used to form a three-dimensional hydrogel. Within this three-dimensional structure, we
may generate voids by irradiating many spots along a path with the physical dimensions and shape
of capillary vessels. The laser irradiation will induce photolysis of the nitroindolines within the
34-mer peptide, resulting in smaller peptides or “peptide debris”. The material in these locations
may then be washed out, leaving behind a hollow tubule. These tubules may then be filled with
nutrients to encourage and support the growth of endothelial cells to form blood vessels within the
newly formed scaffold.
While the proposed technique takes advantage of photolytic cleavage of amide bonds
(either by a nucleophilic substitution or photoredox mechanism) via two-photon absorption,
another type of chemical reaction that can be triggered by a two-photon absorption process is the
two-photon polymerization. First proposed and verified by Shoji Maruo, Osamu Nakamura, and
Satoshi Kawata in 1997, two-photon polymerization is the process of three-dimensional
microfabrication within a resin of photoinitiators, monomers, and oligomers [31]. During this
process, the photoinitiators are activated through two-photon absorption to encourage bonding
between these monomers and low-mass oligomers to produce larger solid molecules of repeating
units. The two-photon process allows these reactions to be well confined within the fine focal
volume of the excitation beam. By controlling the locations of excitation within the sample,
arbitrary three-dimensional microstructures may be formed.
Alternatively, our approach involves the excitation of a long peptide strand containing
photoreactive N-peptidyl-7-nitroindoline units which cleave bonds to produce smaller fragments
rather than encourage smaller molecules to form bonds. This reverse polymerization is a unique
and novel approach which would allow the construction of micro-channels as described above,
which hasn’t been possible within the solid polymer structures fabricated by the standard
technique. It also provides the advantage of ensuring the molecular composition of the material to
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be more well controlled compared to the traditional polymerization approach. This is necessary to
ensure the desired pattern of the amino acids within our polymer mimic those typical of collagen.
The formation of these wells in vitro would provide a scaffold for the growth of blood
vessels prior to implantation, thereby overcoming the fundamental limitation of neovascularization
rates. Although collagen may be remodeled by its host, the neovascularization of exogenous tissues
occurs too slowly to ensure cells’ survival with a rate of 0.1 mm/week [32]. The gel’s preformed
vascular structures provide the potential for much faster rates of anastomosis with the host tissue,
ensuring cells’ survival. This may be accomplished by introducing endothelial cells to grow along
the wells into tubular structures, forming the lining for blood vessels. Also, growth factors may be
infused to entice movement of endothelial cells into the generated voids.
2.5

PHOTOCLEAVAGE WITHIN MODEL COMPOUND
We developed our techniques for two-photon induced photocleavage using an Fmoc-Gly-

5-bromo-7-nitroindoline (Fmoc-Gly-Bni) compound as shown in Figure (2.2). The use of this
amino acid allowed us to test and evaluate the photocleavage of the amide bond between the
glycine and nitroindoline that also occurs within our synthetic 34-mer peptide. To measure the
kinetics of the photochemical reaction, we tracked the fluorescence intensity of this compound at
different excitation laser powers, and thus ensure the expected reaction was occurring by means
of TPE.

Figure 2.2 – Fmoc-Gly-Bni with photoreactive bond highlighted
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Preliminary studies using direct irradiation via an ultraviolet beam revealed wavelengths
of 350 or 365 nm were suitable to trigger the photochemical reaction of this amino acid. A thin
solid film of Fmoc-Gly-Bni was produced on a microscope slide by dissolving the dry compound
in dimethylformamide. The solution was left briefly uncovered to allow the solvent to evaporate,
leaving a dry layer approximately 50-80 µm thick. Due to the small volume of liquid (~2.0 µL),
the solvent evaporated quickly despite the high boiling point.
Several spots within the sample were irradiated at 710 nm with varying excitation laser
powers from 100 mW to 200 mW in increments of 25 mW. Beginning with the 200 mW excitation
power, a spot was chosen within the sample to irradiate. With the laser fixed at this location, an
image was taken every minute and collected to track the fluorescence profile throughout the
reaction. The location of each irradiated spot was recorded before the excitation power was
adjusted and a new spot was irradiated.
Upon excitation, the glycine-amide bonds within the photoreactive molecules emit yellow
light which may be collected using a combination of our red and green PMTs. This excitation also
induces photocleavage of the glycine-amide bonds, producing smaller nonfluorescent molecules.
Therefore, as these reactions occur, the affected bonds will cease to fluoresce, resulting in a
progressive decrease in number of fluorescent molecules and consequentially a decrease in average
fluorescence intensity at the irradiation site.
The collected images were analyzed using imageJ to measure the fluorescence intensity of
the separate channels. For each irradiated spot, a stack of images was created. An area, the
designated region of interest, was chosen within the image and the average fluorescence intensity
in each of the green and red channels was recorded. This measurement was recorded in the same
region of interest for every image in the stack, each taken one minute apart. A minimum
fluorescence threshold was approximated for each image stack, and the fluorescence intensity
normalized accordingly. A plot of these normalized intensities over time at varying laser powers
from a single sample of Fmoc-Gly-Bni may be seen below in Figure (2.3).
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Figure 2.3 – Fluorescence decay plots of Fmoc-Gly-Bni with exponential fitting at varying
excitation power
These fluorescence decay plots may be modeled using an exponential decay regression line
of the form 𝐹 𝑡 = 𝐹𝑒 :•= , where 𝛽 is the fluorescence decay rate. This was done using the curve
fitting capabilities in Matlab. As mentioned before, the decrease in fluorescence intensity
correlates with the photolytic reaction of the compound under the incident light. Therefore, the
fluorescence decay rate 𝛽 is also the photolysis reaction rate within the focus of the sample.
Because the photolysis is occurring as a result of TPE, the photolysis reaction rate is proportionate
to the probability of TPE. And, from Eq. (1.35),
𝛽 ∝ 𝑝@ ∝ 𝐼 P

(2.1)

Plotting the log (𝐼) versus log (𝛽) for each of the laser intensities and their corresponding
fluorescence decay rates produces a linear graph whose slope 𝜅 should be 2 for a TPE process, as
follows, using Eq. (2.1)
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(2.2)

Therefore, the photochemical reaction rate’s quadratic dependence on laser intensity may
easily be modeled and evaluated using a double log plot.

Figure 2.4 – Double log plot of reaction rate vs laser intensity for Fmoc-Gly-Bni
The photolysis of the amino acid Fmoc-Gly-Bni is occurring at rates consistent with a TPE
process. This is evident through the slope 𝜅 given in Figure (2.4). These results indicate our
approach using TPE to induce photocleavage of the glycine-amide bond using 710 nm excitation
wavelength is sufficient for this model compound.
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2.6

PHOTOLYSIS OF COLLAGEN MIMICKING PEPTIDE WITH NITROINDOLINE LINKERS

Figure 2.5 – 34-mer Collagen Mimicking Peptide with photoreactive bonds highlighted
The CMP synthesized by Dr. Katja Michael’s group in the Department of Chemistry at
UTEP, as pictured in Figure (2.5), is composed of a series of Pro-Pro-Gly-Hyp-Pro-Gly hexamers
linked by four nitroindoline groups. Therefore, each molecule contains four photoreactive bonds
to be targeted for photolytic cleavage.
Techniques similar to those used on the model amino acid in section 2.4 were used to
evaluate the occurrence of TPE induced photocleavage within our synthetic 34-mer photoreactive
CMP. As with Fmoc-Gly-Bni, our synthetic peptide exhibited that ultraviolet wavelengths of 350360 nm were suitable to provoke photolysis under direct irradiation.
Before producing a sample for experimentation with TPM, the peptide was repurified to
ensure quality of the sample and then lyophilized for simplicity in dissolving the compound at high
concentrations. When dissolved in water, the synthetic 34-mer photoreactive CMP forms a gel at
high concentrations (>100 mM) due to the triple helical structure from the high density of hydrogen
bonds. For our experiments, a 2μL 125mM gel of the peptide was produced on a microscope slide
by dissolving the dry compound in water.
Our TPM was used to irradiate several spots within the sample with an excitation
wavelength of 710 nm. As we did with Fmoc-Gly-Bni, to ensure photolysis was occurring as a
TPE induced process, we tracked the fluorescence intensity over time with laser power varied in
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increments of 25mW, beginning with the highest power. Images were collected in one minute
increments with the microscope fixed at each unique spot, the location of which was recorded.
Once the fluorescence decay appeared to reach a plateau, the laser power was adjusted and a new
location was chosen for the repeated process until similar series of images were collected for each
of the chosen laser powers.
The results of these photoreactions may be seen in Figures (2.6) and (2.7).

Figure 2.6 – Progressive fluorescence intensity loss in 34-mer CMP after (a)1, (b)2, (c)4, and
(d)8 minutes of irradiation.

Figure 2.7 – (a) fluorescence decay plots and (b) double log plot of reaction rate vs laser intensity
for synthetic 34-mer photoreactive CMP
The slope of the regression line in the double log plot in Figure (2.7b) exhibits the TPE
induced nature of the photocleavage within the synthetic 34-mer photoreactive CMP. The
fluorescence decay, and therefore, the photolysis is occurring at rates consistent with a TPE
process for the chosen incident laser intensities.
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Characterization of the sample post-irradiation via mass spectrometry revealed peptide
fragments of varied length among the products. Because each molecule contains four
photocleavable sites and each requires a single quantum process for excitation, some molecules
may undergo fewer than four photolytic reactions. Therefore, this is not a surprising result.
Further proof of the occurrence of photolysis within the irradiation sites is the color of the
sample. The fully intact 34-mer photoreactive CMP is bright yellow in color and remains that way
when dissolved in water at high concentration. In contrast, the peptide fragments are a dark brown
color, noticeably different from the complete CMP upon visual inspection. Images of the sample
were taken using a SONY ILCE-6000 camera with a SONY SELP1650 Power Zoom lens both
before and after irradiation. The positions of dark brown spots formed within the sample were
compared with the recorded irradiation locations to ensure they were TPE photolysis products.

Figure 2.8 – Images of 34-mer CMP sample (a)before and (b)after irradiation, exhibiting
formation of dark brown spots corresponding to photolysis product peptide
fragments
The proven TPE induced photolysis, combined with the approach described in section 2.4,
supports the prospect of our synthetic 34-mer photoreactive CMP as a potentially viable material
for three-dimensional tissue engineering.
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Future work in this research may involve the development of the three-dimensional
scaffold to test the process of forming microchannels. Next, the growth rates of endothelial cells
should be tested within the scaffold. Additionally, obtaining an absorption spectrum for this
peptide may prove beneficial to ensuring efficiency of the TPE photolcleavage. The results may
be of interest as nitroindolines tend to have a wider spectrum than most photolabile groups, with
wavelengths extending beyond 400 nm.
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Chapter 3: Imaging Dopamine Driven cAMP Signaling in Drosophila Brain
with Two-Photon FRET Microscopy
3.1

Introduction
Dopamine serves as an essential neurotransmitter in the nervous system, communicating

signals between nerve cells responsible for cognition as well as other processes. However, in
humans, abnormal levels of dopamine are associated with Parkinson’s disease, Huntington’s
disease, and Schizophrenia [33]. One consequence of altering the levels of dopamine within the
brain is the production of cyclic adenosine monophosphate (cAMP), which is responsible for
intraneural signal transduction [34]. To measure these responses, we investigate the brains of
Drosophila melanogaster, which has long been a model organism for biological inquiries and
experimentation, beginning at the start of the twentieth century, due to its short lifespan and fast
biological processes. The neural structure of interest is the mushroom body, which is associated
with the basic functions of learning and memory, and contains receptors for dopamine. Through
the process of fluorescence resonance energy transfer (FRET), exchange proteins directly activated
by cAMP (EPAC) may be used to signal the effect of varying dopamine levels on the production
of cAMP within this structure.
3.2

Dopamine and cAMP
For its many functions and especially its connection to several forms of cognitive

degeneration, dopaminergic neurotransmission receives a lot of attention in the research
community [35]. Through the use of both computational models and in vivo human analysis,
reduced dopamine levels have been shown to slow performance in cognitive function, diminish
ability to exert executive control, and diminish information processing due to increased neuronal
noise. Additionally, patients diagnosed with schizophrenia, Parkinson’s disease, and Huntington’s
disease exhibit abnormal dopamine function. Dopamine has been connected to cognitive aging as
well as reduced cognitive function irrespective of age [33].
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Since its discovery, cyclic adenosine monophosphate (cAMP) continues to prove
increasingly complex and vital as it introduced and helped define second messenger theory.
Throughout the body, cAMP is essentially involved in nearly every cellular process, including
metabolism, gene expression, cell division and growth, cell differentiation and apoptosis, and
neurotransmission, as well as regulating essential physiological processes such as learning and
memory, cardiac contractility and relaxation, and kidney water uptake [36]. In response to
signaling by adenylyl cyclase, which acts as a first messenger, cAMP is generated and released
from cells. cAMP, like all other second messengers orchestrates a network of intracellular
signaling events to elicit numerous cellular reactions.
Within the Drosophila mushroom bodies are many dopamine receptors. When dopamine
binds to a D-1 dopamine receptor, a G protein signals the enzyme adenylyl cyclase to convert
adenosine triphosphate into cAMP [37]. Also present within the brain are exchange proteins
directly activated by cAMP (EPAC), which look to bind with cAMP and as a consequence, alter
the protein structure. This change in protein structure provides the capability of observing and
measuring these interactions through a process called fluorescence resonance energy transfer
(FRET).
3.3

Fluorescence Resonance Energy Transfer (FRET)
The theory of FRET, also referred to as Förster resonance energy transfer in literature, was

developed by Theodor Förster as he proposed a means of nonradiative transfer of energy in 1948
[38]. The conditions of Förster’s theory were later confirmed experimentally in the 1960s by the
group of Edelhoch, Brand, and Wilchek [39]. In addition to its applications in fluorescence
imaging, the theory has also been used as a basis to describe the process of photosynthesis.
FRET involves the nonradiative transfer of energy between two molecules through longrange dipole-dipole coupling [40]. The process requires a fluorophore in an electronic excited state
to serve as a donor (D) to another chromophore which serves as an acceptor (A), depicted in Figure
(3.1). This may only occur within a narrow spatial range at the inter- and intramolecular level
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within several molecular diameters – approximately 1-10 nm. Another requirement for FRET is
an overlap of the emission spectrum of the donor and the absorption spectrum of the acceptor,
allowing the former to raise the latter to an excited state during relaxation.

Figure 3.1 – Jablonski diagram for TPE induced FRET
In Förster’s theory, the donor is modeled as an oscillating dipole. The acceptor is then
treated as a transition dipole induced by the field created by the donor with a similar resonance
frequency. The dipoles may undergo an energy exchange without photon emission from the donor,
hence the process is nonradiative. The efficiency of this transition may also depend on the
orientations of the two dipoles.
Treating the donor as a dipole 𝜇“ radiating at frequency 𝜔/ and the acceptor as a dipole
𝜇” , the energy transfer rate may be given by
𝛾“→” =

1 𝑃“→”
,
𝜏/ 𝑃˜

(3.1)

where 𝜏/ is the fluorescence lifetime of the isolated donor, 𝑃“→” is the donor’s energy per unit
time absorbed by the acceptor and 𝑃/ is the donor’s energy released per unit time in absence of the
acceptor, given by

𝜇“ P 𝑛(𝜔/ ) ‚
𝑃/ =
𝜔/ .
12𝜋𝜖/ 𝑐 L
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(3.2)

The power transferred from donor to acceptor may be given using Poynting’s theorem as
1
𝑃“→” = −
𝑅𝑒 𝚥”∗ ∙ 𝐸“ 𝑑𝑉,
(3.3)
2 š
where 𝚥” is the current density of the acceptor and 𝐸“ is the electric field generated by the donor.
This current density of the dipole may be approximated as
𝚥” = −𝑖𝜔/ 𝜇” 𝛿 𝑟 − 𝑟” ,
and thus Eq. (3.3) may be reduced to
𝑃“→” =

(3.4)

𝜔/
𝐼𝑚 𝜇”∗ ∙ 𝐸“ (𝑟” ) .
2

(3.5)

Because the acceptor is being treated as a dipole induced by the field generated by the
donor, 𝜇” may be written as
𝜇” = 𝜇” 𝑛” ∙ 𝐸“ 𝑛” ,

(3.6)

and, assuming the polarization of the acceptor is fixed,
𝜔/
P
𝑃“→” =
𝐼𝑚 𝜇” 𝑛” ∙ 𝐸“ (𝑟” ) .
2

(3.7)

This equation may be generalized using the absorption cross section 𝜎” , which is the ratio
of the average absorbed power of the acceptor over all dipole orientations 𝑃 to the incident
intensity 𝐼,
𝜎” 𝜔/ =

𝑃
,
𝐼

(3.8)

and may be given in terms of the electric field,
𝜔/ 2 𝐼𝑚 𝜇” 𝜔/

𝜎” 𝜔/ =
Taking the average of 𝑛 ∙ 𝐸“
𝑛 ∙ 𝐸“

P

𝑛 ∙ 𝐸“

(1 2) 𝜖/ 𝜇/ 𝑛 𝜔/ 𝐸“
P

𝐸“
=
4𝜋

P

over all dipole orientations,

P

Pz
/

𝜎” 𝜔/ =

z
/

(3.9)

.

P

𝐸“
cos 𝜃 sin 𝜃 𝑑𝜃 𝑑𝜙 =
3

P

P

𝜔/ 𝜇/ 𝐼𝑚 𝜇” 𝜔/
,
3 𝜖/ 𝑛(𝜔/ )

(3.10)

and substituting this into Eq. (3.7),
𝑃“→” =

3 𝜖/
𝑛 𝜔/ 𝜎” 𝜔/ 𝑛” ∙ 𝐸“ 𝑟”
2 𝜇/
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P

.

(3.11)

The donor’s electric field may be modeled by the electric field of a dipole,
1 1
𝐸“ 𝑟” =
3 𝜇“ ∙ 𝑛~ 𝑛~ − 𝜇“ ,
4𝜋𝜖/ 𝑟 L

(3.12)

where 𝑟 = 𝑟𝑛~ is the vector from the acceptor to the donor. The donor is treated as a permanent
dipole and may be expressed as
𝜇“ = 𝜇“ 𝑛“ ,

(3.13)

and substituting Eq. (3.13) into Eq. (3.12),
1 𝜇“
𝐸“ 𝑟” =
3 𝑛“ ∙ 𝑛~ 𝑛~ − 𝑛“ ,
4𝜋𝜖/ 𝑟 L
which may be used to evaluate Eq. (3.11),
3𝜇“ P 𝑐 1 𝜎” (𝜔/ )
𝑃“→” =
3 𝑛“ ∙ 𝑛~ 𝑛” ∙ 𝑛~ − 𝑛” ∙ 𝑛“ P .
32𝜋 P 𝜖/ 𝑟 Ÿ 𝑛(𝜔/ )

(3.14)

(3.15)

The bracketed term provides the energy transfer dependence on the dipole orientation and
is generally written as 𝜅 P ,
𝑃“→” =

3𝜇“ P 𝑐 𝜅 P 𝜎” (𝜔/ )
.
32𝜋 P 𝜖/ 𝑟 Ÿ 𝑛(𝜔/ )

Taking the ratio of Eq. (3.16) to Eq. (3.2) gives the energy transfer rate
𝑃“→”
1 9𝑐 ‚ 𝜅 P 𝜎” 𝜔/
= Ÿ
.
𝑃˜
𝑟 8𝜋 𝑛‚ 𝜔/ 𝜔/ ‚

(3.16)

(3.17)

Considering the donor may emit energy over a range of frequencies, Eq. (3.17) must be
given using a normalized frequency distribution 𝑓“ ,
𝑃“→”
1 9𝑐 ‚ 𝜅 P ¡ 𝑓“ 𝜔 𝜎” 𝜔
= Ÿ
𝑑𝜔
𝑃˜
𝑟 8𝜋 / 𝑛‚ 𝜔 𝜔 ‚

(3.18)

By substituting Eq. (3.18) into Eq. (3.1), the energy transfer rate may be given as
1 1 9𝑐 ‚ 𝜅 P ¡ 𝑓“ 𝜔 𝜎” 𝜔
𝛾“→” =
𝑑𝜔,
(3.19)
𝜏/ 𝑟 Ÿ 8𝜋 / 𝑛‚ 𝜔 𝜔 ‚
which was given by Förster in the form
𝑘= =
where the Förster constant
𝑅/ Ÿ =

9𝑐 ‚ 𝜅 P
8𝜋

¥¤ Ÿ

O
£¤

¡
/

~

,

𝑓“ 𝜔 𝜎” 𝜔
𝑑𝜔
𝑛‚ 𝜔 𝜔 ‚
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(3.20)

(3.21)

is a distance parameter which is determined by the dipole orientations of the donor and acceptor
𝜅 P , and the spectral overlap integral of the D-A pair,
¡
𝑓“ 𝜔 𝜎” 𝜔
𝐽=
𝑑𝜔.
𝑛‚ 𝜔 𝜔 ‚
/

(3.22)

Förster defined the efficiency of this energy transfer 𝐸 to be the measure of photons
absorbed by the donor which are transferred to the acceptor. It may be given as the ratio of rate of
energy transfer 𝑘= to the total decay rate of the donor
𝑘=
𝐸=
.
1
𝑘= +
𝜏/
Substituting Eq. (3.20) into Eq. (3.23) yields the relation
𝑅/ Ÿ
𝐸= Ÿ
.
𝑅/ + 𝑟 Ÿ

(3.23)

(3.24)

Therefore, when the D-A pair are separated by a distance equal to the Förster constant, the
efficiency of energy transfer is 50%. The efficiency drops drastically beyond this distance as
shown in Figure (3.2).

Figure 3.2 – FRET efficiency plot
35

The orientation factor 𝜅 P = 3 𝑛“ ∙ 𝑛~ 𝑛” ∙ 𝑛~ − 𝑛” ∙ 𝑛“

P

may have values in the range

𝜅 P ∈ 0,4 . The optimal configuration, for which 𝜅 P = 4, occurs when all three vectors are
parallel. This corresponds to both dipoles being oriented along the axis separating them. Although
the zero-efficiency configuration does require that the dipoles be perpendicular, it is notable to
mention that other configurations involving two perpendicular dipoles may still yield nonzero
transfer efficiency. Because the relative orientation of the dipoles is generally not known, this
factor is often estimated by taking an average over all dipole configurations, giving the expectation
P

value 𝜅 P = .
L

The spectral overlap integral given in Eq. (3.22) is often parameterized as a function of the
wavelength as

¡

𝐽 𝜆 =
/

𝑓“ 𝜆 𝜀” 𝜆 𝜆‚ 𝑑𝜆

(3.25)

where 𝑓“ (𝜆) is the normalized fluorescence intensity distribution of the donor and 𝜀” 𝜆 is
commonly termed the extinction coefficient of the acceptor. The extinction coefficient is taken to
be an intrinsic property of the acceptor fluorophore, whereas the donor’s fluorescence distribution
is dependent upon the medium of surrounding material, incorporating the 𝑛‚ 𝜔 term of Eq.
(3.22). The integral may be expressed simply as the overlap in the donor’s emission spectrum and
the acceptor’s absorption spectrum as seen in Figure (3.3).

Figure 3.3 – Spectral overlap of Donor-Acceptor Pair
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The fluorophores being targeted in this interaction are a pair commonly used in FRET,
cyan fluorescent protein (CFP) which behaves as the donor, and yellow fluorescent protein (YFP)
which acts as the acceptor. The absorption and emission spectra of these fluorophores is well
documented [41]. Due to the overlap of their TPA spectra, it is possible to excite both fluorescent
proteins directly with one excitation wavelength. For this reason, it is critical to use a wavelength
which limits the probability of direct excitation of the YFP, while ensuring efficient excitation of
the CFP.

Figure 3.4 – (a) One-photon absorption and emission spectra of CFP and YFP with overlap, (b)
Intensity of CFP and YFP emission for varied TPE wavelengths [41]
As can be seen in Figure (3.4a), the overlap of the CFP and YFP absorption spectra is
small, but Figure (3.4b) shows this overlap may be significant for certain wavelengths. Although
CFP fluoresces with maximum intensity when excited by 880nm in a two-photon setup, the YFP
intensity at this excitation wavelength is too large for an ideal process. An excitation wavelength
of 850nm is suitable for a configuration of both fluorescent proteins as the YFP intensity is only
approximately 20% of the CFP intensity. This maintains an efficient excitation of CFP while
reducing the probability of direct excitation of the YFP, therefore refining the YFP fluorescence
to primarily be a result of FRET through CFP excitation.
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Figure 3.5 – cAMP dependent EPAC configuration
As shown in Figure (3.5), when not in the presence of cAMP, EPAC is folded such that the
CFP and YFP are near enough for FRET to occur. However, when EPAC is activated, the protein
unfolds, separating the YFP and the CFP a distance too far for FRET to occur [42].
3.4

Two-Photon Microscope FRET Imaging of cAMP Signal
A live whole-brain is dissected from a fly aged 3-4 days and placed on a petri dish in a

saline solution similar to hemolymph to protect the brain and preserve brain functions. The
mushroom bodies of the brain are then scanned using a two-photon fluorescence microscope with
850 nm excitation wavelength. Images are collected at different z-positions within the sample,
each 1 µm apart to form stacks of approximately 180-260 images. In Phase I of the experiment,
the brain is scanned in only the saline solution. Then, in Phase II, after removing the brain from
the microscope, a treatment of dopamine is bath applied via micropipette to the brain, which is
then rescanned. For Phase III, the dopamine solution is then washed from the brain and the brain
is placed back in saline solution to be scanned again.
The images were taken using the green PMT to collect the fluorescent signal of the YFP.
The stacks of images are then used to produce a three-dimensional rendering of the mushroom
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bodies using the software imageJ. Figure (3.6) displays a typical rendering of the mushroom bodies
of a single Drosophila brain.

Figure 3.6 – 3D Projection of mushroom bodies from (a)front, (b)angle, and (c)lateral view
A digital reconstruction of the mushroom bodies is formed from the fluorescence images
for each phase of the experiment, as seen in Figure (3.7).

Figure 3.7 – Projections of two-photon image stacks exhibiting three phases of dopaminergic
modulation of cAMP
From each of these image stacks, the fluorescence intensity was recorded in several regions
of interest and averaged. Volumes within the α- and γ-lobes were analyzed to evaluate the intensity
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of fluorescence from EPAC signaling within the mushroom body. Additionally, intensity from
autofluorescent peripheral structures was measured and recorded as a fluorescence threshold for
signal comparison. The ratios of these fluorescence intensities are recorded in Table (4.1) below.
Table 3.1 – Variation of cAMP signal through dopaminergic modulation
𝐸𝑝𝑎𝑐 𝑆𝑖𝑔𝑛𝑎𝑙
𝐴𝑢𝑡𝑜𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒
Phase I

Phase II

Phase III

α-lobe

5.91

1.36

2.67

γ-lobe

6.58

3.28

4.34

The loss of fluorescence intensity from Phase I to II exhibits a decrease in FRET due to
EPAC unfolding from cAMP activation within these structures. This is indicative of a dopamine
induced increase in cAMP production yielding higher levels of interaction with EPAC within these
regions of the mushroom body. From Phase II to III, an increase in yellow fluorescence from
EPAC FRET signaling suggests the removal of dopamine slowed the production of cAMP,
reducing the number of activated exchange proteins.
Evidenced by the larger variation in fluorescence intensity between phases, the α-lobe
exhibits heightened sensitivity to dopamine compared to other regions of the mushroom body.
This may be due to an intrinsic heightened sensitivity, or simply a consequence of being in a more
superficial region of the brain allowing better access to the dopamine bath than other spatial
regions of the mushroom body.
These results are positive indication of the dopaminergic modulation of cAMP production,
which may be the reason for dopamine’s role in the neural conditions listed above. These results
may serve as preliminary work for future explorations using two-photon microscopy for live fly
imaging and for inquiries on the effects of application of other neurotransmitters on this neural
system.
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